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0XOWLOHYHO 5HJXODWLRQ DQG 7UDQVODWLRQDO 6ZLWFKHV LQ
6\QWKHWLF %LRORJ\
0DUJDULWD % .RSQLF]N\ 6LPRQ - 0RRUH DQG 3DXO 6 )UHHPRQW
Abstract,Q FRQWUDVW WR WKH YHUVDWLOLW\ RI UHJXODWRU\ PHFKD
QLVPV LQ QDWXUDO V\VWHPV V\QWKHWLF JHQHWLF FLUFXLWV KDYH EHHQ
VR IDU SUHGRPLQDQWO\ FRPSRVHG RI WUDQVFULSWLRQDOO\ UHJXODWHG
PRGXOHV 7KLV LV DERXW WR FKDQJH DV WKH UHSHUWRLUH RI IRXQGDWLRQDO
WRROV IRU SRVWWUDQVFULSWLRQDO UHJXODWLRQ LV TXLFNO\ H[SDQGLQJ
:H SURYLGH DQ RYHUYLHZ RI WKH GLIIHUHQW W\SHV RI WUDQVODWLRQDO
UHJXODWRUV SURWHLQ VPDOO PROHFXOH DQG ULERQXFOHLF DFLG 51$
UHVSRQVLYH DQG ZH GHVFULEH WKH QHZ HPHUJLQJ FLUFXLW GHVLJQV
XWLOL]LQJ WKHVH WRROV 7KHUH DUH VHYHUDO DGYDQWDJHV RI DFKLHYLQJ
PXOWLOHYHO UHJXODWLRQ YLD WUDQVODWLRQDO VZLWFKHV DQG LW LV OLNHO\
WKDW VXFK GHVLJQV ZLOO KDYH WKH JUHDWHVW DQG HDUOLHVW LPSDFW LQ
PDPPDOLDQ V\QWKHWLF ELRORJ\ IRU UHJHQHUDWLYH PHGLFLQH DQG JHQH
WKHUDS\ DSSOLFDWLRQV
Index Terms%LRPHGLFDO HQJLQHHULQJ FLUFXLW GHVLJQ ORJLF
GHYLFHV SURWHLQ ULERQXFOHLF DFLG 51$ ULERVZLWFK V\QWKHWLF
ELRORJ\ WUDQVODWLRQ
, ,1752'8&7,21
6 <17+(7,& %LRORJ\ LV DQ DSSOLFDWLRQIRFXVHG ¿HOG WKDW LVSURYLGLQJ D FRQFHSWXDO IUDPHZRUN IRU HQJLQHHULQJ QRYHO
ELRORJLFDO V\VWHPV EDVHG RQ WKH HQJLQHHULQJ SULQFLSOHV RI VWDQ
GDUGL]DWLRQ PRGXODULW\ DQG DEVWUDFWLRQ >@ 1HZ IXQFWLRQV H[
WHQG WKH QDWXUDO FDSDELOLWLHV RI FHOOV E\ WDNLQJ HOHPHQWV IURP
HYROXWLRQDULO\ GLVWDQW RUJDQLVPV RU PROHFXOHV GHVLJQHG HQWLUHO\
de novo ZLWK SRWHQWLDO DSSOLFDWLRQV LQ WKH ¿HOGV RI HQHUJ\ DJUL
FXOWXUH KHDOWKFDUH DQG PDQXIDFWXULQJ +RZHYHU WKHUH DUH RQO\
D OLPLWHG QXPEHU RI PROHFXODU PHFKDQLVPV WKDW FDQ EH XVHG LQ
SUHGLFWDEOH DQG FRQWUROODEOH ZD\V WR FRQVWUXFW V\QWKHWLF GHYLFHV
>@ >@ 7KLV ODFN RI WRROV DQG PRGXOHV PDNHV LW WHFKQLFDOO\
FKDOOHQJLQJ WR GHVLJQ KLJKHUOHYHO ORJLF DQG LPSOHPHQW PXO
WLOHYHO UHJXODWLRQ 7KHUH DUH IRXU PDLQ ELRORJLFDO SURFHVVHV LQ
WHUPV RI FLUFXLW GHVLJQ WKDW UHJXODWLRQ FDQ EH LPSRVHG QDPHO\
DW WKH WUDQVFULSWLRQ OHYHO ULERQXFOHLF DFLG 51$ GHJUDGDWLRQ
OHYHO WKH WUDQVODWLRQDO OHYHO DQG WKH SURWHLQ GHJUDGDWLRQ OHYHO
6\QWKHWLF GHVLJQHG JHQH FLUFXLWV SUHGRPLQDQWO\ XVH ORJLFDO RS
HUDWLRQV FDUULHG RXW DW WKH WUDQVFULSWLRQDO OHYHO ZKHUHDV QDWXUDO
V\VWHPV DUH UHJXODWHG DW DOO SRVVLEOH OHYHOV ,W LV HVWLPDWHG WKDW
UHJXODWLRQ DW WKH WUDQVODWLRQ OHYHO DFFRXQWV IRU YDULDELOLW\ LQ JHQH
0DQXVFULSW UHFHLYHG )HEUXDU\   UHYLVHG -XQH   DFFHSWHG
-XQH   'DWH RI SXEOLFDWLRQ $XJXVW   GDWH RI FXUUHQW YHUVLRQ
6HSWHPEHU   7KLV SDSHU ZDV UHFRPPHQGHG E\ $VVRFLDWH (GLWRU 5
6DUSHVKNDU
7KH DXWKRUV DUH ZLWK WKH 'HSDUWPHQW RI 0HGLFLQH &HQWUH IRU 6\QWKHWLF
%LRORJ\ DQG ,QQRYDWLRQ ,PSHULDO &ROOHJH /RQGRQ 6RXWK .HQVLQJWRQ &DPSXV
/RQGRQ 6: $= 8. HPDLO PDUJDULWDNRSQLF]N\#LPSHULDODFXN
VPRRUH#LPSHULDODFXN SIUHHPRQW#LPSHULDODFXN
&RORU YHUVLRQV RI RQH RU PRUH RI WKH ¿JXUHV LQ WKLV SDSHU DUH DYDLODEOH RQOLQH
DW KWWSLHHH[SORUHLHHHRUJ
'LJLWDO 2EMHFW ,GHQWL¿HU 7%&$6
H[SUHVVLRQ E\  >@ DOWKRXJK LQ GLVDJUHHPHQW  YDULDELOLW\
KDV DOVR EHHQ UHSRUWHG >@
'HVSLWH EHLQJ XELTXLWRXV LQ QDWXUDO UHJXODWLRQ V\QWKHWLF FLU
FXLWV DUH SUHGRPLQDQWO\ FRQWUROOHG E\ WUDQVFULSWLRQ LQ SUHIHU
HQFH WR RWKHU OHYHOV RI FRQWURO >@ 7KH ¿UVW ORJLF JDWHV DQG
VLPSOH GHYLFHV LQ V\QWKHWLF ELRORJ\ ZHUH DVVHPEOHG IURP VXFK
FRPSRQHQWV WZR UHSUHVVLQJ WUDQVFULSWLRQDO PRGXOHV FDQ EH DV
VHPEOHG LQWR D WRJJOH VZLWFK >@ DQG WKUHH VXFK HOHPHQWV LQWR D
UHSUHVVLOODWRU >@ 7KH DGYDQWDJHV RI WUDQVFULSWLRQDO UHJXODWLRQ
DUH WKDW WKHUH LV UHPDUNDEOH ÀH[LELOLW\ LQ WKH GHVLJQ VSDFH IRU
SURPRWHU VHTXHQFHV DQG '1$ ELQGLQJ SURWHLQV DQG WKDW NQRZQ
PRGXOHV FDQ EH FRPSRVHG LQWR ODUJHU V\VWHPV >@ 7KH UHVSRQVH
RI D SURPRWHU WR YDULRXV LQSXWV FDQ EH FKDQJHG E\ VKXIÀLQJ
LWV UHSUHVVRU ELQGLQJ VLWHV >@ LQWURGXFLQJ SRLQW PXWDWLRQV LQWR
LWV VHTXHQFH >@ RU VFUHHQLQJ UDQGRPL]HG OLEUDULHV >@ 7UDQ
VFULSWLRQ FDQ EH FRQWUROOHG YLD YDULRXV PRGXODU 51$ PHGLDWHG
PHFKDQLVP 6XFK H[DPSOHV LQFOXGH WKH &5,635&DV V\VWHP
>@ >@ DQG D QHZ W\SH RI 51$EDVHG WUDQVFULSWLRQDO UHJXOD
WRUV FDOOHG VPDOO WUDQVFULSWLRQ DFWLYDWLQJ 51$V >@0RUHRYHU
RUWKRJRQDO V\QWKHWLF 7$/ HIIHFWRU >@ >@ DQG ]LQF ¿QJHU >@
SURWHLQV KDYH DOVR EHHQ HQJLQHHUHG +RZHYHU WKH FRPSOH[LW\ RI
D FLUFXLW HQWLUHO\ UHO\LQJ RQ WUDQVFULSWLRQDO UHJXODWLRQ LV OLPLWHG
GXH WR WKH ORDGLQJ HIIHFWV OLPLWHG QXPEHU RI RUWKRJRQDO UHJXOD
WRUV DQG WKH WLPH WKDW LW WDNHV WR SURFHVV HDFK VWHS RI JHQH H[
SUHVVLRQ >@ >@ 6RPH WUDQVFULSWLRQDO UHSUHVVRUV H[HUW WKHLU
HIIHFW E\ PRGLI\LQJ WKH FKURPDWLQ VWUXFWXUH VXUURXQGLQJ WKH
WDUJHW UHJLRQ VXFK HSLJHQHWLF HIIHFWV FDQ VWURQJO\ GHOD\ WKH UH
DFWLYDWLRQ RI PDQ\ WUDQVFULSWLRQDO UHJXODWRUV >@ >@ >@
,Q FRQWUDVW WUDQVODWLRQDO UHJXODWLRQ SRVVHVVHV TXLFNHU G\QDPLFV
GXH WR WKH µVNLSSLQJµ RI WKH WUDQVFULSWLRQ VWHS LQ JHQH H[SUHVVLRQ
,Q FRQWUDVW WUDQVODWLRQDO UHJXODWLRQ SURFHVVHV KDYH TXLFNHU G\
QDPLFV GXH WR WKH µVNLSSLQJµ RI WKH WUDQVFULSWLRQ VWHS LQ JHQH
H[SUHVVLRQ $ GHFUHDVH RI EXUGHQ FDQ EH DFKLHYHG LI 51$ UHJ
XODWRUV DUH XVHG LQVWHDG RI SURWHLQ UHJXODWRUV RI HLWKHU WUDQVFULS
WLRQ RU WUDQVODWLRQ 3URGXFWLRQ RI 51$ LV µFKHDSHUC LQ WHUPV RI
QXWULHQW UHTXLUHPHQWV DQG GRHV QRW GLYHUW ULERVRPDO UHVRXUFHV
DZD\ IURP WKH WUDQVODWLRQ RI RWKHU FHOOXODU SURWHLQV 1RWZLWK
VWDQGLQJ WKHUH LV D JUHDWHU QHHG WR EURDGHQ WKH UDQJH RI DYDLO
DEOH WRROV IRU SRVWWUDQVFULSWLRQDO UHJXODWLRQ >@ HVSHFLDOO\ IRU
DSSOLFDWLRQV ZKHUH D WLJKWO\ FRQWUROOHG SUHGLFWDEOH DQG UHOLDEOH
FLUFXLWU\ LV HVVHQWLDO ,Q PDPPDOLDQ V\QWKHWLF ELRORJ\ WKH DSSOL
FDWLRQ DUHDV LQFOXGH UHFRPELQDQW SURWHLQ SURGXFWLRQ SRVWWUDQV
ODWLRQDO PRGL¿FDWLRQV VWHP FHOO UHSURJUDPPLQJ JHQH WKHUDS\
DQG FDQFHU FHOO GHWHFWLRQ DQG HUDGLFDWLRQ >@ >@ )RU VXFK
DSSOLFDWLRQV WKH VSDFH IRU HUURU LV QDUURZ DQG VPDOO GHYLDWLRQV
FDQ OHDG WR XQZDQWHG HIIHFWV OLNH WKHUDSHXWLF JHQH FLUFXLW GH
VLJQHG WR LGHQWLI\ DQG NLOO FDQFHU FHOOV FRXOG DFFLGHQWDOO\ HUDG
LFDWH VRPH KHDOWK\ FHOOV IRU H[DPSOH >@ >@ 5HFHQWO\ WKHUH
7KLV ZRUN LV OLFHQVHG XQGHU D &UHDWLYH &RPPRQV $WWULEXWLRQ  /LFHQVH )RU PRUH LQIRUPDWLRQ VHH KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\
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KDV EHHQ DQ LQFUHDVHG HIIRUW WR GHYHORS 51$ EDVHG SRVWWUDQ
VFULSWLRQDO WRROV WR LQGLUHFWO\ LQÀXHQFH WUDQVODWLRQ YLD P51$
VWDELOLW\ DQG VSOLFLQJ RU WR GLUHFWO\ FRQWURO WUDQVODWLRQ YLD LQWHU
IHULQJ ZLWK WKH UHFUXLWPHQW RI ULERVRPHV >@ >@ 1HZ GHYHO
RSPHQWV LQ IRXQGDWLRQDO WHFKQRORJ\ IRU V\QWKHWLF ELRORJ\ ZLOO
OHDG WR IXQGDPHQWDOO\ QHZ FLUFXLW GHVLJQV ZLWK LQFUHDVLQJ VR
SKLVWLFDWLRQ DQG FRPSOH[LW\ ,Q WKLV UHYLHZ ZH IRFXV RQ WKH QHZ
WRROV DYDLODEOH WR GLUHFWO\ UHJXODWH WUDQVODWLRQ DQG ZH GHVFULEH
VRPH RI WKH QHZ HPHUJLQJ FLUFXLW GHVLJQV WKDW OHYHUDJH WKHVH
WRROV
,, %$&.*5281'
7UDQVODWLRQ KDSSHQV LQ IXQGDPHQWDOO\ GLIIHUHQW ZD\V LQ
SURNDU\RWHV DQG HXNDU\RWHV ,Q SURNDU\RWHV WUDQVODWLRQ JHQHU
DOO\ WDNHV SODFH VLPXOWDQHRXVO\ ZLWK WUDQVFULSWLRQ IURP PXO
WLSOH 2SHQ 5HDGLQJ )UDPHV 25)V RQ SRO\FLVWURQLF P51$
,Q FRQWUDVW WKLV SURFHVV LV VSDWLDOO\ VHSDUDWHG LQ HXNDU\RWHV GXH
WR WKH QXFOHXV DQG QXFOHDU HQYHORSH 7R JXLGH QDVFHQW P51$V
LQWR WKH F\WRSODVP HXNDU\RWHV DGG D PHWK\OJXDQ\ODWH FDS WR
WKH C HQG RI WKH P51$ EHIRUH WUDQVODWLRQ LQLWLDWLRQ IDFWRUV
DQG ULERVRPHV ELQG 7KH WUDQVODWLRQ VWDUW VLWH LV GH¿QHG E\ WKH
.R]DN VHTXHQFH ZKLFK LV HTXLYDOHQW ± DOWKRXJK HYROXWLRQDU\
GLVWLQFW ± WR WKH 6KLQH'DOJDUQR 6HTXHQFH 6'6 IRXQG LQ
SURNDU\RWHV $SDUW IURP WKH ¶ FDSSLQJ SURFHVV HXNDU\RWLF
RU YLUDO P51$V FDQ XVH YDULRXV LQGHSHQGHQW PHFKDQLVPV
)RU H[DPSOH WKH LQWHUQDO ULERVRPH HQWU\ VLWH ,5(6 >@ DQ
51$ HOHPHQW ZLWK VWDEOH VHFRQGDU\ VWUXFWXUH WKDW LV DEOH WR
HLWKHU GLUHFWO\ UHFUXLW ULERVRPHV RU ELQG LQLWLDWLRQHORQJDWLRQ
IDFWRUV 7KH PRVW FRPPRQ VWDUW FRGRQ LQ DOO GRPDLQV RI OLIH LV
$8* ZLWK YDULRXV HORQJDWLRQ IDFWRUV WR DVVLVW LQ WKH SURFHVV
RI WUDQVODWLRQ
7KHUHIRUH WKH DSSURDFKHV WR FRQWURO DQG UHJXODWH WUDQVODWLRQ
LQ SURNDU\RWHV DQG HXNDU\RWHV DUH IXQGDPHQWDOO\ GLIIHUHQW ,Q
SURNDU\RWHV RFFOXGLQJ WKH 6'6 IURP EHLQJ UHFRJQLVHG E\ WKH
ULERVRPH LV RQH DSSURDFK DQG FDQ EH DFKLHYHG E\ LQFRUSRUDWLQJ
D FRPSOHPHQWDU\ UHJLRQ RQ WKH P51$ ,Q HXNDU\RWHV PRUH
VRSKLVWLFDWHG PHFKDQLVPV FDQ EH GHVLJQHG IRU H[DPSOH DQ
DSWDPHU PRWLI ZLWK VWDEOH VHFRQGDU\ VWUXFWXUH RU D SURWHLQ
ELQGLQJ VLWH XSVWUHDP RI WKH VWDUW VLWH (XNDU\RWLF P51$V
DUH QRUPDOO\ PRQRFLVWURQLF FRQWDLQ D VLQJOH 25) EXW LW KDV
EHHQ REVHUYHG WKDW D VHFRQG 25) FDQ EH WUDQVODWHG LI DQ ,5(6
HOHPHQW LV SUHVHQW RU LI DQ HO) LQLWLDWLRQ IDFWRU LV UHFUXLWHG
XSVWUHDP RI WKH VWDUW VLWH $V GLVFXVVHG ODWHU VRPH UHJXODWRU\
HOHPHQWV RU SDUWV RI UHJXODWRU\ HOHPHQWV FDQ EH XVHG WR LQWHUIHUH
ZLWK WUDQVODWLRQ LQ SURNDU\RWHV DQG HXNDU\RWHV EXW WKH\ KDYH
WR EH LPSOHPHQWHG DFFRUGLQJ WR GLIIHUHQW GHVLJQ UXOHV
,,, 35(',&7,1* 75$16/$7,21 ,1,7,$7,21 5$7(
$ NH\ DVSHFW RI WUDQVODWLRQDO UHJXODWLRQ LV LQ GH¿QLQJ WKH HI
¿FLHQF\ RI WUDQVODWLRQ ZKLFK KHOSV WR ¿QHWXQH SURWHLQ OHYHOV
,Q D UHFHQW VWXG\ WKH HI¿FLHQF\ RI  KXPDQ WUDQVODWLRQ
LQLWLDWLRQ VHTXHQFHV 7,6 WKH VLWHV LQ FORVH SUR[LPLW\ WR WKH
VWDUW FRGRQ ZHUH FRPSDUHG DQG 7,6 GHUHJXODWLRQ ZDV IRXQG
WR EH DVVRFLDWHG ZLWK FDQFHU JHQHVLV >@ $QDORJRXV WR WKH VHW
RI FRQVWLWXWLYH SURPRWHUV RI SUHGLFWDEOH VWUHQJWKV >@ OLEUDULHV
RI HOHPHQWV ZLWK LQFUHDVLQJ WUDQVODWLRQ HI¿FLHQFLHV KDYH EHHQ
FRQVWUXFWHG ,Q SURNDU\RWHV LW LV ZHOO HVWDEOLVKHG WKDW WKH WUDQV
ODWLRQ UDWH GHSHQGV JUHDWO\ RQ WKH VHTXHQFH FRPSOHPHQWDULW\
)LJ  9DULRXV IHDWXUHV RI P51$ WKDW PRGXODWH WUDQVODWLRQ HI¿FLHQF\ RQ D
FRQWLQXRXV VFDOH 7KH IHDWXUHV DUH VKRZQ LQ WKH ¶ UHJLRQ XSVWUHDP RI WKH
RSHQ UHDGLQJ IUDPH 25) ZKLFK LV ODEHOHG DV LV WKH SRO\$ WDLO DW WKH ¶
HQG RI WKH P51$ D &DSGHSHQGHQW PHFKDQLVPV LQFOXGH VWHPORRS 51$
VWUXFWXUHV ZKLFK LQWHUIHUH ZLWK ULERVRPDO VFDQQLQJ XSVWUHDP 25)V X25)V
FDXVH ULERVRPHV WR GLVVRFLDWH IURP WKH P51$ DW WKH DVVRFLDWHG VWRS FRGRQ DQG
WKHUHIRUH UHGXFHV WUDQVODWLRQ RI WKH VHFRQG 25) 7,6 7UDQVODWLRQ ,QLWLDWLRQ
6HTXHQFH YDULDQWV LQYROYHG LQ WKH GLUHFW UHFRJQLWLRQ RI WKH WUDQVODWLRQ VWDUW VLWH
E\ WKH ULERVRPH E 9DULDQWV RI FDSLQGHSHQGHQW ,5(6 VHTXHQFHV LQÀXHQFH
WKH DI¿QLW\ RI ULERVRPHV RU LQLWLDWLRQ IDFWRUV WR WKH P51$ WKXV DIIHFWLQJ
WUDQVODWLRQ HI¿FLHQF\ QXPEHU RI SURWHLQ PROHFXOHV SURGXFHG IURP DQ P51$
RYHU WLPH
RI WKH 6'6 WR WKH ULERVRPH DQG RQ WKH VHFRQGDU\ VWUXFWXUH RI
WKH P51$ >@ 9DULRXV DOJRULWKPV KDYH EHHQ GHYHORSHG WR GH
VLJQ DQ 5%6 RI GHVLUHG VWUHQJWK IRU D JLYHQ 25) WR PLQLPL]H
FRPSOH[ VHFRQGDU\ VWUXFWXUH IRUPDWLRQ DQG RSWLPL]H ULERVRPDO
ELQGLQJ ZKLFK DUH HDVLO\ DFFHVVHG WKURXJK YDULRXV ZHEEDVHG
UHVRXUFHV >@±>@ 7KH 5%6 FDOFXODWRU IRU H[DPSOH KDV D 
SUREDELOLW\ RI SUHGLFWLQJ 5%6 VWUHQJWK ZLWKLQ WZRIROG RI WKH
WDUJHW >@ 7KHUHIRUH LW LV SURSRVHG WR JHQHUDWH PXOWLSOH HOH
PHQWV DQG VFUHHQ IRU WKH GHVLUHG DFWLYLW\ VLQFH WKH SUREDELOLW\ LQ
FUHDVHV WR   DQG  LI WZR WKUHH RU IRXU 5%6V DUH JHQ
HUDWHG 5HFHQWO\ 0XWDOLN et al. SURSRVHG D QRYHO DQG PRGXODU
ELFLVWURQLF 5%6 GHVLJQ DQG DFKLHYHG DQ LPSURYHG  FKDQFH
RI SUHGLFWLQJ 5%6 VWUHQJWK ZLWKLQ WZRIROG RI WDUJHW >@
'HVLJQLQJ ¿QHWXQHG WUDQVODWLRQ UHVSRQVHV FDQ DOORZ WKH FRQ
WURO RI UHODWLYH JHQH H[SUHVVLRQ IURP WKH VDPHP51$ WUDQVFULSW
RU WUDQVFULSWV IURP VLPLODU SURPRWHUV 7KH VWUDWHJ\ WR PRGLI\
5%6 VWUHQJWKV RI 25)V HQFRGLQJ JHQHV LQYROYHG LQ D ELRV\Q
WKHWLF SDWKZD\ ZDV VXFFHVVIXO WR RSWLPL]H QDULQJHQLQ SURGXF
WLRQ IRU H[DPSOH >@ 6LPLODU FRQWURO RYHU WUDQVODWLRQ HI¿FLHQF\
LV KLJKO\ GHVLUDEOH LQ PDPPDOLDQ V\QWKHWLF ELRORJ\ IRU RSWL
PL]LQJ WKHUDSHXWLF SURWHLQ SURGXFWLRQ SURJUDPPLQJ UHOLDEOH
GLIIHUHQWLDWLRQ IRU WLVVXH HQJLQHHULQJ RU IRU DFKLHYLQJ RSWLPDO
JHQH H[SUHVVLRQ GRVDJH LQ JHQH WKHUDS\ 9DULDWLRQV LQ 7,6V FDQ
EH XVHG WR ¿QH WXQH WUDQVODWLRQ HI¿FLHQF\ LQ PDPPDOLDQ FHOOV
EXW RQO\ ZLWKLQ D OLPLWHG G\QDPLF UDQJH DQG WKXV LV UHVWULF
WLYH IRU WUDQVODWLRQDO FRQWURO 7DEOH , 7R DGGUHVV WKLV )HUUHLUD
et al. DVVHPEOHG D OLEUDU\ RI XSVWUHDP 25)V X25) ZKLFK
PDGH LW SRVVLEOH WR VSDQ D UDQJH RI WKUHH RUGHUV RI PDJQLWXGH
LQ WUDQVODWLRQ HI¿FLHQF\ ZKHQ XVHG WRJHWKHU ZLWK 7,6 SUHGLF
WLRQ >@ $Q X25) LV D VHTXHQFH LQ µ IURP WKH PDLQ 25)
WKDW HQFRGHV D VKRUW SHSWLGH WKDW PD\ EH IXQFWLRQDO LQ FHUWDLQ
FDVHV >@ $FFRUGLQJ WR WKH SURSRVHG SUREDELOLVWLF OHDN\ VFDQ
QLQJ PRGHO ULERVRPHV WKDW LQLWLDWH DQG H[LW WUDQVODWLRQ DW WKH
X25) DUH PRUH OLNHO\ WR GLVVRFLDWH IURP WKH P51$ WKDQ WKH
IUDFWLRQ RI ULERVRPHV WKDW COHDNV WKURXJK¶ DQG RQO\ LQLWLDWHV DW
WKH FRUUHFW VWDUW FRGRQ >@ $OWHUQDWLYHO\ 51$ VWUXFWXUHV FDQ
DOVR EH XVHG WR GHFUHDVH WUDQVODWLRQ HI¿FLHQF\ LQ D V\VWHPDWLF
DQG SUHGLFWDEOH PDQQHU YLD WKH PHFKDQLVP RI EORFNLQJ HORQJD
WLRQ DQG WKXV VORZLQJ RYHUDOO WUDQVODWLRQ UDWH >@ >@
1RW RQO\ FDSGHSHQGHQW EXW DOVR FDSLQGHSHQGHQW WUDQVODWLRQ
HI¿FLHQF\ FDQ EH PRGL¿HG 2QH RI WKH PRVW FRPPRQO\ XVHG
.231,&=.< et al. 08/7,/(9(/ 5(*8/$7,21 $1' 75$16/$7,21$/ 6:,7&+(6 ,1 6<17+(7,& %,2/2*< 
7$%/( ,
722/6 )25 75$16/$7,21 ,1,7,$7,21 5$7( 35(',&7,21
,5(6V WKH (QFHSKDORP\RFDUGLWLV YLUXV ,5(6 ZDV PXWDWHG WR
SURGXFH D OLEUDU\ RI  YDULDQWV VSDQQLQJ D IROG H[SUHVVLRQ
UDQJH ZKLFK ZHUH YDOLGDWHG DFURVV PXOWLSOH FHOO W\SHV DQG JHQHV
>@ 7KLV DSSURDFK LV XVHIXO IRU WKH SURGXFWLRQ RI DQWLERGLHV E\
HVWDEOLVKLQJ DQ RSWLPDO OLJKWKHDY\ FKDLQ SURGXFWLRQ UDWLR
,9 5(*8/$7,21 :,7+ 51$ %,1',1* 3527(,16
6RPH SURWHLQV RU GRPDLQV RI SURWHLQV FDQ ELQG 51$ ZLWK
KLJK VSHFL¿FLW\ DQG DI¿QLW\ DQG DUH WKHUHIRUH LGHDO IRU FUDIWLQJ
FRQWURO RI WUDQVODWLRQ LQ D V\QWKHWLF ELRORJ\ FRQWH[W 6RPH RI
WKHVH 51$ %LQGLQJ 3URWHLQV 5%3V KDYH D VWUXFWXUDO UROH LQ
DVVLVWLQJ ULERVRPH DVVHPEO\ >@ RU DV YLUDO FRDW SURWHLQV >@
ZKLOVW RWKHUV DUH LQYROYHG LQ 51$ UHJXODWLRQ LQ RUJDQHOOHV >@
DQG PDQ\ SOD\ D NH\ SDUW LQ WUDQVODWLRQ UHJXODWLRQ DV WKHLU QDW
XUDO IXQFWLRQ >@ 7KH KXPDQ JHQRPH FRQWDLQV  NQRZQ DQG
SUHGLFWHG 51$ %LQGLQJ SURWHLQV ZKLFK DUH LQYROYHG LQ PXO
WLSOH SURFHVVHV >@ ZKLOVW PDQ\ ELQG WR HYROXWLRQDU\ FRQVHUYHG
51$ UHFRJQLWLRQ PRWLIV >@ 1RYHO DSSURDFKHV LQ ELRLQIRU
PDWLFV DQG KLJKWKURXJKSXW VHTXHQFLQJ IDFLOLWDWH WKH LGHQWL¿FD
WLRQ RI 5%3V H[SUHVVHG GLIIHUHQWLDOO\ LQ YDULRXV FHOO W\SHV DQG
LGHQWLI\LQJ WKH 51$ VHTXHQFHV WKDW WKH\ UHFRJQL]H >@
5%3V FDQ EH FODVVL¿HG LQ YDULRXV ZD\V +HUH IRU VLPSOLFLW\
ZH GLVWLQJXLVK 0RWLI %LQGLQJ 3URWHLQV 0RW%3V DQG 5HSHDW
3URWHLQV 53V 0RW%3V UHFRJQL]H VSHFL¿F 51$ VHTXHQFH HOH
PHQWV PRWLIV RIWHQ ZLWK GLVWLQFW VHFRQGDU\ VWUXFWXUHV 53V LQ
FRQWUDVW FRQWDLQ UHSHDWHG GRPDLQV HDFK RI ZKLFK LV UHVSRQVLEOH
IRU ELQGLQJ D VLQJOH QXFOHRWLGH RQ WKH WDUJHW 51$ %RWK 0RW%3V
DQG 53V KROG YDVW SRWHQWLDO IRU WKH UHJXODWLRQ RI WUDQVODWLRQ DQG
RWKHU 51$UHODWHG SURFHVVHV LQ V\QWKHWLF ELRORJ\ >@
0DQ\ 0RW%3V H[LVW LQ HXNDU\RWHV EXW LW KDV JHQHUDOO\ SURYHQ
GLI¿FXOW WR HQJLQHHU WKHP IRU QRYHO XVHV LQ V\QWKHWLF ELRORJ\
7KH 51$ UHFRJQLWLRQPRWLIV FDQ EH IRXQG LQ KXQGUHGV RI KXPDQ
SURWHLQV >@ DQG HIIRUWV KDYH EHHQ PDGH WR FUHDWH OLEUDULHV IURP
VXFK HXNDU\RWLF 0RW%3V +RZHYHU WKH\ UHPDLQ GLI¿FXOW WR V\V
WHPDWLFDOO\ GHVLJQ GXH WR WKH VXEVWDQWLDO YDULDWLRQ LQ WKH 51$
ELQGLQJ VXUIDFH DQG WKH QXPEHU RI EDVHV ± UHFRJQL]HG >@
,QVWHDG YLUDO DQG SURNDU\RWLF 0RW%3V DUH SUHIHUUHG IRU XVH LQ
HXNDU\RWLF V\QWKHWLF ELRORJ\ 7KH\ SRVVHVV DQ DGGHG DGYDQWDJH
RI EHLQJ HYROXWLRQDU\ GLVWDQW RUWKRJRQDO DQG DUH WKHUHIRUH OHVV
OLNHO\ WR LQWHUIHUH ZLWK HQGRJHQRXV HXNDU\RWLF SURFHVVHV
9LUDO DQG SURNDU\RWLF 0RW%3V RIWHQ UHFRJQL]H VWUXFWXUDO PR
WLIV XVXDOO\ D KDLUSLQ ZKHUH ELQGLQJ VSHFL¿FLW\ LV W\SLFDOO\ GH
¿QHG E\ WKH UHVLGXHV DW WKH HQG DQG LQWHUQDO ORRSV >@ >@
51$ PRWLI 0RW%3 SDLUV SURYLGH DQ LGHDO WRRO IRU UHJXODWRU\
PRGXOHV LQ WKH GHVLJQ RI FRPSOH[ V\QWKHWLF FLUFXLWV EHFDXVH
WKH 51$ PRWLI LV ZHOO GH¿QHG DQG DPHQDEOH WR HQJLQHHULQJ
VLQFH WKH ELQGLQJ UHVLGXHV FDQ EH PDSSHG DFFXUDWHO\ XVLQJ SUR
WHLQ FU\VWDOORJUDSK\ DQG KRPRORJ\ PRGHOOLQJ $Q LQWHUHVWLQJ
0RW%3 FDWHJRU\ LQFOXGHV V\QWKHWLFDOO\ HYROYHG 51$ DSWDPHU
ELQGLQJ GRPDLQV >@ 1XFOHLF DFLG DSWDPHUV FDQ EH JHQHUDWHG
YLD WKH WHFKQLTXH FDOOHG V\VWHPDWLF HYROXWLRQ RI OLJDQGV E\ H[
SRQHQWLDO HQULFKPHQW 6(/(; >@ $Q LQFUHDVLQJ QXPEHU RI
6(/(; GHULYHG 51$ OLJDQGV KDYH EHHQ GHYHORSHG IRU YDULRXV
DSSOLFDWLRQV >@ 51$ DSWDPHUV ELQGLQJ HQGRJHQRXV SURWHLQV
PD\ EH LQWHJUDWHG LQWR V\QWKHWLF GHVLJQV LQ DQ DQDORJRXV ZD\ WR
YLUDOSURNDU\RWLF 0RW%351$ PRWLI SDLUV )LJ  >@
A. MotBPs as Translational Repressors
7KH VLPSOHVW DSSOLFDWLRQ RI DQ 0RW%3 LV LWV XVH DV D UH
SUHVVRU WR EORFN WUDQVODWLRQ XSRQ ELQGLQJ WR LWV FRJQDWH 51$
PRWLI LQ WKH ¶ XQWUDQVODWHG UHJLRQ 875 RI D JHQH RI LQWHUHVW
>)LJ D@ >@ >@ 0XOWLSOH LQYHVWLJDWLRQV REVHUYHG WKDW
WKH SRVLWLRQ RI WKH 51$ PRWLI ZLWKLQ WKH ¶875 LV FULWLFDO
DQG WKDW WKH PD[LPXP WUDQVODWLRQ DFWLYLW\ GHFUHDVHV DV WKH
 ,((( 75$16$&7,216 21 %,20(',&$/ &,5&8,76 $1' 6<67(06 92/  12  $8*867 
)LJ  51$ PRWLI ELQGLQJ SURWHLQV 0RW%3 FDQ EH XVHG HLWKHU DV WUDQVODWLRQDO UHSUHVVRUV WXUQ 2)) WUDQVODWLRQ RU DV DFWLYDWRUV WXUQ 21 WUDQVODWLRQ D ,Q
D VLPSOH UHSUHVVRU GHVLJQ WKH 0RW%3 EOXH ELQGV WR LWV FRJQDWH 51$ PRWLI EOXH SRVLWLRQHG LQ WKH ¶ XQWUDQVODWHG UHJLRQ 875 RI WKH P51$ LQ RUGHU WR
FRQWURO H[SUHVVLRQ RI D GRZQVWUHDP RSHQ UHDGLQJ IUDPH 25) IROORZHG E\ WKH SRO\$ WDLO DW WKH ¶ HQG RI WKH P51$ E 1HJDWLYH IHHGEDFN FLUFXLW GHVLJQHG WR
FRQWURO WKH H[SUHVVLRQ RI DQ 51$ PRWLI ELQGLQJ SURWHLQ 0RW%3 EOXH IXVHG SURWHLQ RI LQWHUHVW VKRZQ DV D ÀXRUHVFHQW SURWHLQ )3 \HOORZ LQ WKLV H[DPSOH >@
F 5HYHUVLEOH UHSUHVVLRQ YLD D 0RW%3 JUHHQ ELQGLQJ D VPDOO PROHFXOH \HOORZ ZKLFK GLVVRFLDWHV WKH 0RW%3 IURP WKH P51$ >@ G 7ZR GLIIHUHQW 0RW%3
ELQGLQJ VLWHV EOXH DQG RUDQJH LQ WKH µ875 OHDG WR WKH UHSUHVVLRQ RI WUDQVODWLRQ LQ WKH SUHVHQFH RI HLWKHU 0RW%3 EOXH RU RUDQJH H ,QYHUWHU PRGXOH EDVHG RQ
51$ GHJUDGDWLRQ LQGXFHG YLD WKH WUDQVODWLRQ RI D EDLW 25) E25) ZLWK SUHPDWXUH WHUPLQDWLRQ FRGRQV EODFN ER[ 7KH LQWHUQDO ULERVRPH HQWU\ VLWH ,5(6 GULYHQ
25) LV RQO\ H[SUHVVHG LI WKH 0RW%3 EOXH ELQGV DQG UHSUHVVHV WKH E25) DQG WKH P51$ LV WKXV VSDUHG IURP GHJUDGDWLRQ >@ I 3URWHLQSURWHLQ LQWHUDFWLRQ
PHGLDWHG WUDQVODWLRQ LQLWLDWLRQ IURP WKH VHFRQG 25) 25) RI P51$ 5LERVRPHV GLVVRFLDWH IURP WKH P51$ DIWHU WKH WUDQVODWLRQ RI WKH ¿UVW 25) 25) EXW
FDQ EH UHFUXLWHG DJDLQ LQ WKH SUHVHQFH RI HO) EURZQ 7KLV LV DFKLHYHG YLD D IXVLRQ SURWHLQ RI HO) DQG D OLJKWUHVSRQVLYH SURWHLQ JUHHQ ZKLFK LV UHFUXLWHG WR WKH
P51$ XSRQ EOXH OLJKW LOOXPLQDWLRQ YLD ELQGLQJ RI D FRJQDWH SDUWQHU JUHHQ IXVHG WR D 0RW%3 EOXH >@ J &\WRSODVPLF ORFDOL]DWLRQ RI DQ RWKHUZLVH PHPEUDQH
ERXQG 0RW%3 IXVLRQSURWHLQ LQGXFHV WUDQVODWLRQ IURP 25) SUHFHGHG E\ WKH 0RW%3µV FRJQDWH 51$ PRWLI EOXH >@
GLVWDQFH RI WKH VWUXFWXUDO PRWLI WR WKH ¶ FDS GHFUHDVHV ERWK
LQ PDPPDOLDQ FHOOV >@ >@ DQG LQ SODQWV >@ +RZHYHU
WKH VDPH FRQWH[W GHSHQGHQF\ ZDV QRW REVHUYHG LQ \HDVW >@
0RUHRYHU PXOWLSOH FRSLHV RI WKH 51$ PRWLI FDQ LQFUHDVH
UHSUHVVLRQ ZLWK D PD[LPXP OHYHO REVHUYHG ZLWK WKUHH >@ RU
VL[ >@ WDQGHP FRSLHV RI 51$ PRWLIV ,QWHUHVWLQJO\ GLIIHUHQW
PRGHV RI UHSUHVVLRQ FDQ RIWHQ EH REVHUYHG ZLWK GLIIHUHQW
0RW%3V VRPH LQKLELWLQJ RQO\ FDSGHSHQGHQW WUDQVODWLRQ DQG
RWKHUV LQKLELWLQJ WUDQVODWLRQ IURP DQ HQWLUH ELFLVWURQLF WUDQ
VFULSW ZKHUH WKH VHFRQG 25) LV WUDQVODWHG IURP DQ ,5(6 >@
6XFK FRPSOH[ GHVLJQ UXOHV PDNH WKH V\VWHPDWLF HQJLQHHULQJ
RI WUDQVODWLRQDO PRGXOHV FKDOOHQJLQJ DQG WKXV WKRURXJK FKDU
DFWHUL]DWLRQ RI WKH LQGLYLGXDO SDUWV DUH QHFHVVDU\
$ JHQHUDO VWUDWHJ\ ZDV SURSRVHG WR VWDELOL]H JHQH H[SUHVVLRQ
OHYHOV YLD LQFRUSRUDWLRQ RI DQ 0R%3 PHGLDWHG QHJDWLYH IHHG
EDFN ORRS DW WKH WUDQVODWLRQDO OHYHO >@ 7KH /$H 0RW%3 ZDV
IXVHG WR D ÀXRUHVFHQW UHSRUWHU DQG SODFHG XQGHU WKH FRQWURO RI
LWV FRJQDWH 51$ PRWLI ,Q VXFK D FRQ¿JXUDWLRQ WKH ELQGLQJ
DI¿QLW\ RI WKH 0RW%3 WR WKH 51$ PRWLI UHJXODWHV WKH VWHDG\
VWDWH OHYHO RI WKH0RW%3 IXVLRQ SURWHLQ )XUWKHUPRUH WKH SDUDP
HWHUV LQIHUUHG IURP H[SHULPHQWDO PHDVXUHPHQWV DQG WKH PRGHO
GHVFULELQJ WKLV UHJXODWRU\ FLUFXLW FRXOG EH H[WHQGHG WR SUHGLFW
UHJXODWLRQ RI WUDQVODWLRQ IURP RWKHU P51$V LQ trans 7KH /$H
SURWHLQ DQG WKH 51$ PRWLI FRXOG SRWHQWLDOO\ EH UHSODFHG ZLWK
DQ\ NQRZQ0RW%3V DQG 51$PRWLIV ZLWK GLIIHUHQW GLVVRFLDWLRQ
FRQVWDQWV DQG WKH 0RW%3 FRXOG EH IXVHG WR RU UHJXODWH DQ\ SUR
WHLQ RI LQWHUHVW
$QRWKHU ZLGHO\ XVHG WUDQVFULSWLRQDO UHJXODWRU LV WKH WHWUD
F\FOLQH UHSUHVVRU 7HW5 SURWHLQ ZKLFK KDV UHFHQWO\ EHHQ HQ
JLQHHUHG WR DFKLHYH VPDOO PROHFXOH LQGXFLEOH WUDQVODWLRQ >@
7KH UHSUHVVRU SURWHLQ ELQGV WR DQ DUWL¿FLDOO\ VHOHFWHG 51$ DS
WDPHU PRWLI WR EORFN WUDQVODWLRQ LQ WKH VDPH ZD\ DV GLVFXVVHG LQ
WKH SUHYLRXV H[DPSOHV :KHQ WHWUDF\FOLQH DQDORJXHV DUH DGGHG
7HW5 FKDQJHV FRQIRUPDWLRQ DQG GLVVRFLDWHV IURP WKH P51$
DOORZLQJ WUDQVODWLRQ WR KDSSHQ 7KH PHWKRG ZDV LQLWLDOO\ GHYHO
RSHG IRU DSSOLFDWLRQV LQ PRGHO RUJDQLVPV ZKHUH WKH WRROV IRU
FRQWUROOLQJ JHQH H[SUHVVLRQ DUH OLPLWHG 0RUH UHFHQWO\ LW ZDV
XVHG WR FRQWURO WKH H[SUHVVLRQ RI YDULRXV WDUJHW SURWHLQV LQGH
SHQGHQW RI SURPRWHU FRQWH[W DQG P51$ ORFDOL]DWLRQ LQ SODV
PRGLXP WR UHYHDO DQWLPDODULDO GUXJ WDUJHWV >@
&RPELQDWLRQ RI 0RW%3V PD\ DOVR EH XVHG WR FDUU\ RXW
ELRFRPSXWDWLRQ 7KH H[SUHVVLRQ RI 0RW%3V FDQ EH XQGHU WKH
FRQWURO RI GLIIHUHQW SURPRWHUV WKDW VHQVH VPDOO PROHFXOH LQ
SXWV DQG WKHQ WUDQVPLW WKHVH LQSXW VLJQDOV WR UHJXODWH WUDQVOD
WLRQ RI WKH RXWSXW VLJQDO 7KH 06 DQG /$H SURWHLQ51$
PRWLI SDLUV ZHUH XVHG LQ WKH FRQVWUXFWLRQ RI VXFK D KDOIDGGHU
DQG KDOIVXEVWUDFWRU FLUFXLWV >@ $Q LPSRUWDQW IHDWXUH IRU
WKH FRQVWUXFWLRQ RI WKH KDOIDGGHU )LJ  FLUFXLW ZDV WKDW D
VLQJOH 25) FDQ EH FRQWUROOHG E\ PXOWLSOH 0RW%3V LI PXOWLSOH
51$ PRWLIV DUH LQVHUWHG LQWR WKH VDPH ¶875 >@ 7KH 25)
ZLOO RQO\ EH WUDQVODWHG LI QRQH RI WKH 0RW%3V DUH SUHVHQW LQ
WKH FHOO >)LJ G@ 0RW%3 PHGLDWHG WUDQVODWLRQ FRQWURO FDQ
DOVR EH FRPELQHG ZLWK WUDQVFULSWLRQDO UHJXODWLRQ LQ D PRGXODU
IDVKLRQ DQG DOVR ZLWK ULER]\PH UHJXODWLRQ $XVOlQGHU et al.
FRQVWUXFWHG D WKUHH LQSXW $1' JDWH E\ FRPSRVLQJ SURPRWHU
UHJXODWLRQ DQ 0RW%3 DQG D SURWHLQUHVSRQVLYH KDPPHUKHDG
ULER]\PH >@ 7KHVH WZR H[DPSOHV GHPRQVWUDWH WKDW 0RW%3
UHSUHVVRUV DUH XVHIXO WRROV LQ FRPELQDWLRQ ZLWK RWKHU UHJX
ODWRU\ HOHPHQWV WR DFKLHYH KLJKHURUGHU FRQWURO G\QDPLFV RI
FRPSOH[ V\QWKHWLF ELRORJ\ FLUFXLWV
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)LJ  7KH V\QWKHWLF ELRORJ\ GHVLJQ IHDWXUHV RI WKH KDOIDGGHU FLUFXLW E\
$XVOlQGHU et al. >@ FDQ EH DEVWUDFWHG WR D ORJLF JDWH FLUFXLW GLDJUDP
/RJLF JDWHV FDQ UHSUHVHQW DQ\ W\SH RI UHJXODWLRQ ZKHUH DQ RXWSXW LV SUR
GXFHG LQ UHVSRQVH WR RQH RU PXOWLSOH LQSXWV 7KH W\SHV RI ORJLF JDWHV
LQ WKH DERYH FLUFXLW LQFOXGH 127 JDWHV ZKLFK RQO\ SURGXFH RXWSXW LI
LQSXW LV DEVHQW UHSUHVHQWHG E\ WULDQJXODU V\PEROV $1' JDWHV ZKLFK
SURGXFH RXWSXW LI ERWK LQSXWV DUH SUHVHQW KDOIRYDO V\PERO DQG D 125
JDWH ZKLFK SURGXFHV RXWSXW LI QHLWKHU RI WKH LQSXWV LV SUHVHQW ¿VKVKDSHG
V\PERO 7KH FLUFXLW GHVLJQ FDQ EH GLYLGHG LQWR WUDQVFULSWLRQDO DQG WUDQV
ODWLRQDO FRPSRQHQWV 7KH WUDQVFULSWLRQDO OHYHO LV UHJXODWHG E\ WZR VPDOO
PROHFXOHV 3KORUHWLQ DQG (U\WKURP\FLQ ZKLFK UHSUHVV WKH WUDQVFULSWLRQ RI
WZR UHSRUWHU JHQHV GV5HG DQG (<)3 DQG WZR 51$ PRWLI ELQGLQJ SUR
WHLQV 0RW%3 JHQHV WKLV UHSUHVVLRQ LV UHSUHVHQWHG E\ 127 JDWHV 7KH
WUDQVODWLRQDO OHYHO LQFOXGHV XQUHJXODWHG VWHSV LQGLFDWHG E\ EODFN ER[HV IRU
WKH WUDQVODWLRQ RI WZR GLIIHUHQW 0RW%3V RUDQJH DQG EOXH 7KH <)3 UH
SRUWHU FDQ EH SURGXFHG YLD WZR LQGHSHQGHQW URXWHV WKHUH DUH WZR SRVVLEOH
<)3P51$V \HOORZ ZLWK WZR GLIIHUHQW 0RW%3 ELQGLQJ PRWLIV XSVWUHDP
RI WKH <)3 FRGLQJ VHTXHQFH EOXH DQG RUDQJH <)3 LV RQO\ SURGXFHG LI
HLWKHU YDULDQW RI <)3P51$ LV SUHVHQW DQG LWV FRJQDWH UHJXODWRU 0RW%3
EOXH RU RUDQJH LV QRW SUHVHQW 7KHUHIRUH D VHTXHQWLDO 127 DQG $1'
JDWHV UHSUHVHQWV WKLV UHODWLRQVKLS 7KH 'V5HG UHSRUWHU LV RQO\ SURGXFHG LI
QHLWKHU RI WKH 0RW%3V LV SUHVHQW 125 JDWH WKH 'V5HG P51$ UHG LV
FRQVWLWXWLYHO\ WUDQVFULEHG 7KH RYHUDOO UHVXOWLQJ IXQFWLRQ LV D KDOIDGGHU D
FLUFXLW ZKHUH WKH RXWSXWV GHSHQGHG RQ WKH LQSXWV DFFRUGLQJ WR WKH WUXWK
WDEOH LQ WKH ERWWRP ULJKW
B. MotBPs as Translational Activators
6HYHUDO DWWHPSWV KDYH EHHQ PDGH WR DFKLHYH 0RW%3 PHGL
DWHG LQGXFWLRQ $ VHW RI 21 VZLWFKHV ZDV FRQVWUXFWHG IURP
WKUHH GLIIHUHQW 0RW%3V E\ FRQYHUWLQJ WKH EDVLF 2)) VZLWFK LQ
D cisDFWLQJ VHWXS ZKHUH WKH LQYHUWHU PRGXOH LV IRXQG RQ WKH
VDPH P51$ >@ >)LJ H@ 7KH 0RW%3 UHJXODWHV WKH H[SUHV
VLRQ RI D VPDOO SHSWLGH  DD IURP D EDLW 25) WKDW LV WHUPL
QDWHG E\ WZR SUHPDWXUH WHUPLQDWLRQ FRGRQV 2)) VZLWFKHV ,I
WUDQVODWHG WKH HQGRJHQRXV 1RQVHQVH 0HGLDWHG 'HFD\ 10'
UHVSRQVH >@ LV DFWLYDWHG WR GHJUDGH WKH HQWLUH P51$ 10' LV
D JHQHUDO HXNDU\RWLF 51$ VXUYHLOODQFH PHFKDQLVP ZKLFK WDU
JHWV FHUWDLQ P51$V VXFK DV WKRVH FRQWDLQLQJ SUHPDWXUH WHUPL
QDWLRQ FRGRQV IRU GHJUDGDWLRQ ,I WKH WUDQVODWLRQ RI WKH EDLW 25)
LV LQKLELWHG EHFDXVH RI ELQGLQJ RI WKH 0RW%3 WR WKH 51$ PRWLI
MXVW XSVWUHDP WKH 10' LV QRW DFWLYDWHG FRUUHFW VSOLFLQJ RI WKH
P51$ FDQ RFFXU DQG ,5(6 PHGLDWHG WUDQVODWLRQ FDQ SURFHHG
IURP WKH VHFRQG 25) 7KH VHFRQG 25) LV WKH UHSRUWHU JHQH RU
DQ\ JHQH RI LQWHUHVW WKDW LV LQVHUWHG DV SDUW RI D FLUFXLW GHVLJQ
$Q DOWHUQDWLYH DSSURDFK WR VZLWFKLQJ RQ WUDQVODWLRQ LQ UH
VSRQVH WR 0RW%3 ELQGLQJ LQYROYHV WKH HO) WUDQVODWLRQ LQLWL
DWLRQ IDFWRU ZKLFK KDV WKH UROH RI UHFUXLWLQJ ULERVRPHV WR WKH
P51$ ,W LV NQRZQ WKDW D VHFRQG 25) RQ D HXNDU\RWLF P51$
LV QRW WUDQVODWHG XQOHVV VRPH VHTXHQFH HOHPHQW LV SUHVHQW XS
VWUHDP WR UHFUXLW LQLWLDWLRQ IDFWRUV RU WKH ULERVRPHV GLUHFWO\
1RW RQO\ FDQ DQ ,5(6 HOHPHQW LQVWLJDWH WKLV WKH UHFUXLWPHQW
RI HO) LQLWLDWLRQ IDFWRU DORQH YLD DQ\ PHFKDQLVP LV HQRXJK
WR LQLWLDWH WUDQVODWLRQ (O) FDQ EH IXVHG WR D 0RW%3 DQG WKXV
WKH IXVLRQ SURWHLQ ZLOO LQGXFH WUDQVODWLRQ IURP D VHFRQG RWK
HUZLVH XQWUDQVODWHG 25) WKDW FRQWDLQV D FRJQDWH 51$ ELQGLQJ
PRWLI XSVWUHDP ,Q RUGHU WR DFKLHYH SKDUPDFRORJLFDO LQGXFWLRQ
D PXOWLSURWHLQ IXVLRQ ZDV FRQVWUXFWHG IURP D0RW%3 HO)) DQG
DQ +5DV >)LJ J@ >@ +5DV LV QRUPDOO\ D PHPEUDQHDV
VRFLDWHG VLJQDOLQJ SURWHLQ EXW LW FDQ GLVVRFLDWH LQ WKH DEVHQFH
RI D VSHFL¿F SURWHLQPRGL¿FDWLRQ 6RPH WKHUDSHXWLFDOO\ LQWHU
HVWLQJ VPDOO PROHFXOHV VXFK DV )7, FDQ LQKLELW WKLV PRGL
¿FDWLRQ DQG WKXV +5DV LV GHORFDOL]HG IURP WKH PHPEUDQH LQWR
WKH F\WRSODVP 7KXV WKH IXVLRQ SURWHLQ FDQ LQLWLDWH WUDQVODWLRQ
IURP WKH VHFRQG 25) RI WKH UHSRUWHU FRQVWUXFW 7KH PHWKRG KDV
EHHQ SURSRVHG IRU XVH LQ GUXJVFUHHQLQJ EXW LW FRXOG WKHRUHWL
FDOO\ EH DGDSWHG WR VHQVH WKH GHORFDOL]DWLRQ RI DQ\ SURWHLQ RI
LQWHUHVW IURP WKH PHPEUDQH WR WKH F\WRSODVP
$ VLPLODU DSSURDFK WR WKH WUDQVODWLRQDO DFWLYDWRU PRGXOH
DERYH ZDV XWLOL]HG LQ D GHVLJQ WR DFKLHYH WKH OLJKW LQGXFHG
WUDQVODWLRQ IURP WKH VHFRQG 25) RI DQ P51$ >@ >)LJ I@
%OXH OLJKW LOOXPLQDWLRQ LQGXFHV WKH &5<3+5 SURWHLQ WR ELQG
&,%1 SURWHLQ DQG WKLV SURWHLQSURWHLQ LQWHUDFWLRQ SURYLGHV WKH
PROHFXODU EDVLV IRU WKH VHQVRU FLUFXLW 7KH 0RW%3 ZDV IXVHG WR
WKH &,%1 WKH HO)( WR WKH &5<3+5 DQG WKHUHIRUH WUDQVODWLRQ
ZDV LQGXFHG IURP D VHFRQG 25) FRQWDLQLQJ WKH FRJQDWH 51$
PRWLI RI WKH 0RW%3 6XFK D GHVLJQ PD\ DOORZ OLQNLQJ WUDQVOD
WLRQ RXWSXW WR DQ\ FKRVHQ SURWHLQSURWHLQ LQWHUDFWLRQ LQSXW LQ
JHQHUDO
C. Repeat Proteins
:KLOH FRPSOH[ V\QWKHWLF FLUFXLWV FDQ EH DVVHPEOHG XVLQJ
0RW%3V DQG WKHLU FRUUHVSRQGLQJ 51$ PRWLIV LQ D PRGXODU DQG
RUWKRJRQDO IDVKLRQ WKHLU JUHDWHVW OLPLWDWLRQ LV WKDW WKH\ FDQQRW
EH DGDSWHG WR WDUJHW DQ\ GHVLUHG HQGRJHQRXV 51$ VHTXHQFH ,Q
RUGHU WR LQWHUIDFH D V\QWKHWLF FLUFXLW ZLWK HQGRJHQRXV 51$V
UHSHDW SURWHLQV DUH D SODXVLEOH VROXWLRQ 5HSHDW SURWHLQV KDYH
EHHQ OLNHQHG WR '1$ ELQGLQJ WUDQVFULSWLRQ DFWLYDWRUOLNH HIIHF
WRUV 7$/(V VLQFH WKH\ DOVR KDYH D RQHWRRQH FRGH RI GRPDLQ
WR DPLQR DFLG UHFRJQLWLRQ FRGH >@ 7KH WZR NQRZQ FODVVHV
RI UHSHDW SURWHLQV DUH 3XPLOLR DQG )HP± P51$ELQGLQJ
IDFWRU 38) SURWHLQV DQG 3HQWDWULFRSHSWLGH 5HSHDW 3URWHLQV
335V 6RPH H[SHFW WKDW WKH\ ZLOO EHFRPH MXVW DV LPSRUWDQW LQ
PDQLSXODWLQJ 51$ DV 7$/(6 DQG =LQF )LQJHU GRPDLQ SURWHLQV
DUH IRU PDQLSXODWLQJ '1$ >@ >@
38) UHSHDW SURWHLQV W\SLFDOO\ FRQVLVW RI HLJKW WDQGHP UHSHDWV
RI WKUHHKHOL[ EXQGOHV WKDW IRUP D FUHVFHQWVKDSHG VWUXFWXUH 7KH
DPLQR DFLGV DW SRVLWLRQV  DQG  ZLWKLQ WKH VHFRQG ±KHOL[
GH¿QH WKH VSHFL¿FLW\ RI HDFK UHSHDW DFFRUGLQJ WR D UHFRJQLWLRQ
FRGH >@ 1DWXUDO 38)V XVXDOO\ UHFRJQL]H ± QXFOHRWLGHV LQ
DQ DQWLSDUDOOHO RULHQWDWLRQ DQG DUH QRW SDUWLFXODUO\ GLYHUVH ±
KXPDQV RQO\ KDYH WZR VXFK SURWHLQV 380 DQG 380 >@
>@ &XVWRP 38) GRPDLQV KDYH EHHQ XVHG WR ERWK XS DQG GRZQ
UHJXODWH WUDQVODWLRQ ,Q D V\VWHP VLPLODU WR WKDW LQ )LJ I
DQG E\ WKH VDPH UHVHDUFK JURXS OLJKW LQGXFLEOH WUDQVODWLRQ ZDV
DFKLHYHG YLD 38) UHJXODWLRQ >@ ,Q DQRWKHU ZRUN WKH VLWH VSH
FL¿F DGGLWLRQ RU UHPRYDO RI WKH SRO\$ WDLO ZDV UHJXODWHG E\
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38) GRPDLQV IXVHG WR HIIHFWRUV WR LQÀXHQFH WUDQVODWLRQ HI¿
FLHQF\ DQG P51$ KDOIOLIH LQ D VHTXHQFHGHSHQGHQW PDQQHU
>@ /LNH RWKHU 5%3V UHSHDW SURWHLQV FDQ EH XWLOL]HG IRU YDULRXV
RWKHU 51$UHODWHG UHJXODWRU\ PHFKDQLVPV ZKHQ IXVHG WR RWKHU
IXQFWLRQDO GRPDLQV ± H[DPSOHV WKDW KDYH EHHQ LPSOHPHQWHG LQ
FOXGH WUDFNLQJ ORFDOL]DWLRQ DQG DOWHUQDWLYH VSOLFLQJ >@ 7KH UH
FHQW GHYHORSPHQWV LQ PRGXODU DVVHPEO\ RI GHVLJQHU 38) GR
PDLQV >@ DQG DWWHPSWV WR LQFUHDVH WKH QXPEHU RI QXFOHRWLGHV
UHFRJQL]HG IRU LQFUHDVHG VSHFL¿FLW\ >@ DUH OLNHO\ WR IDFLOLWDWH
WKHLU XVH LQ DQ LQFUHDVLQJ QXPEHU RI DSSOLFDWLRQV
$ SK\ORJHQHWLFDO\ GLVWLQFW FODVV RI UHSHDW SURWHLQV 335V DUH
RQH RI WKH ODUJHVW QXFOHLF DFLG ELQGLQJ SURWHLQ IDPLOLHV LQ ODQG
SODQWV DQG ELQG WR D JUHDW GLYHUVLW\ RI 51$PROHFXOHV >@ 7KH\
DUH QXFOHDU HQFRGHG EXW W\SLFDOO\ WDUJHWHG WR RUJDQHOOHV DQG DUH
NQRZQ WR EH LQYROYHG LQ WUDQVODWLRQDO VWDELOLW\ DQG VSOLFLQJ FRQ
WURO 335V ELQG 51$ LQ D SDUDOOHO RULHQWDWLRQ DQG HDFK GRPDLQ
FRQVLVWV RI DERXW  DPLQR DFLGV DQG IROGV LQWR D SDLU RI DQWLSDU
DOOHO KHOLFHV 7KH UHFRJQLWLRQ FRGH LV GH¿QHG E\ WZR DPLQR
DFLGV RQH DW WKH EHJLQQLQJ DQG RQH DW WKH HQG RI HDFK GRPDLQ
>@ ,Q FRQWUDVW ZLWK 38)V WKH QXPEHU RI EDVHV WKDW QDWXUDO
335V FDQ UHFRJQL]H LV QRW ¿[HG DQG FDQ EH EHWZHHQ WZR DQG
WKLUW\ >@ 7KLV ÀH[LELOLW\ DQG YHUVDWLOLW\ PDNHV 335V HVSH
FLDOO\ IDYRUDEOH IRU HQJLQHHULQJ ,Q D UHFHQW ZRUN &RTXLOOH et
al. FUHDWHG D PRGXODU FRQVHQVXV 335 VFDIIROG ZLWK RSWLPL]HG
SURSHUWLHV IRU V\QWKHWLF ELRORJ\ DSSOLFDWLRQV >@ 7KLV RSHQV
XS WKH SRVVLELOLW\ RI H[SORULQJ WKH SRWHQWLDO RI 335V LQ D JUHDW
YDULHW\ RI ZD\V IRU 51$ PDQLSXODWLRQ >@
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5LERVZLWFKHV SURYLGH D IDVFLQDWLQJ DQFHVWUDO OLQN WR WKH PRVW
SULPLWLYH IRUPV RI OLIH >@ 7KH\ UHSUHVHQW DQ HOHJDQW EXW
VLPSOH PHFKDQLVP IRU FRQWUROOLQJ JHQHWLF UHJXODWLRQ XVLQJ
D GLUHFW LQWHUDFWLRQ RI D VPDOO PROHFXOH OLJDQG WR DQ 51$
DSWDPHU 7KLV DOORZV DQ RUJDQLVP WR VHQVH LQWUDFHOOXODU OHYHOV
RI D VPDOO PROHFXOH DQG UHVSRQG DFFRUGLQJO\ )RU H[DPSOH
LQ Bacillus subtillis DSSUR[LPDWHO\  RI WKH JHQRPH LV UHJX
ODWHG E\ ULERVZLWFKHV >@ ZKLOVW LW LV HVWLPDWHG WKDW EHWZHHQ
± RI EDFWHULDO JHQRPHV HQFRGH QRQFRGLQJ 51$ WKDW
SOD\ GLYHUVH UROHV LQ UHJXODWLRQ >@ )URP DQ HQJLQHHULQJ SHU
VSHFWLYH ULERVZLWFKHV RIIHU D SRZHUIXO WRRO IRU WKH GHYHORSPHQW
RI GLYHUVH VHQVRU\ FLUFXLWV ORJLF JDWHV DQG ELSKDVLF VZLWFKHV
6LQFH WKH LQLWLDO GLVFRYHU\ RI WKH WKLDPLQH S\URSKRVSKDWH
733 ULERVZLWFK MXVW RYHU D GHFDGH DJR >@ >@ D SOHWKRUD
RI OLJDQG51$ UHJXODWRU\ V\VWHPV KDYH EHHQ LGHQWL¿HG LQ
SURNDU\RWHV >@±>@ DQG D ¿QLWH OLVW KDYH EHHQ XQYHLOHG LQ
SODQWV >@ DOJDH >@ DQG IXQJL >@ 3UHGRPLQDQWO\ ORFDWHG
LQ WKH ¶875 RI P51$ ULERVZLWFKHV IRUP D FRPSOH[ WHUWLDU\
VWUXFWXUH XSRQ WUDQVFULSWLRQ DQG IROGLQJ IRUPLQJ D SRFNHW
ZKHUHE\ D VPDOOPROHFXOH FDQ ELQG 7KLV OLJDQGDSWDPHU LQWHU
DFWLRQ LQGXFHV D FRQIRUPDWLRQDO UHDUUDQJHPHQW WR FRQWURO JHQH
H[SUHVVLRQ 7KH UDQJH RI OLJDQGV LV UHVWULFWHG WR ELRFKHPLFDO
LQWHUPHGLDWHV RI FHQWUDO PHWDEROLVP >@ >@ >@ DQG LRQV
>@±>@
A. Riboswitch Control Mechanisms, Discovery and Diversity
7KH ELQGLQJ RI D OLJDQG WR WKH FRUH RI D ULERVZLWFK LQLWLDWHV D
FRQIRUPDWLRQDO UHDUUDQJHPHQW LQ WKH 51$ WHUWLDU\ VWUXFWXUH WR
DIIHFW JHQH H[SUHVVLRQ >@ ,Q JHQHUDO ULERVZLWFKHV SRVVHVV DQ
)LJ  5LERVZLWFK PHFKDQLVPV 3URNDU\RWLF PHFKDQLVPV LQFOXGH
D WUDQVFULSWLRQ FRQWURO SURYLGHG E\ D WHUPLQDWRU RUDQJH WKDW VWDOOV 51$
SRO\PHUDVH H[WHQVLRQ LQ WKH SUHVHQFH RI WKH VPDOO PROHFXOH OLJDQG EOXH ,Q
WKH DEVHQFH RI WKH OLJDQG FRPSOHPHQWDU\ UHJLRQV LQGLFDWHG ZLWK UHG IRUP DQ
DQWLWHUPLQDWRU VWUXFWXUH E 7UDQVODWLRQ LQLWLDWLRQ LV SUHYHQWHG E\ PDVNLQJ RI
WKH 5%6 JUHHQ LQVLGH WKH WHUPLQDWRU VWHPORRS RUDQJH LQ WKH SUHVHQFH RI
WKH UHSUHVVRU OLJDQG EOXH F $QWLVHQVH V51$ XSSHU PROHFXOH FRQWURO RI
RUWKRJRQDO JHQHV LQ trans $ FRPSOHPHQWDU\ UHJLRQ WR WKH ¶ VHTXHQFH RI WKH
P51$ RUDQJH LV UHYHDOHG DQG LQKLELWV WUDQVODWLRQ XSRQ OLJDQG EOXH ELQGLQJ
WR WKH DSWDPHU RQ WKH V51$ G 51$ VSOLFLQJ FRQWURO LV XQLTXH WR HXNDU\RWHV
ZLWK D ULERVZLWFK SRVLWLRQHG ZLWKLQ DQ LQWURQ GDVKHG OLQH WR KLQGHU VSOLFLQJ
LQ UHVSRQVH WR OLJDQG ELQGLQJ
DSWDPHU OLJDQG ELQGLQJ RU VHQVRU GRPDLQ DQG DQ H[SUHVVLRQ
SODWIRUP DQWLWHUPLQDWRU DQG WHUPLQDWRU VWHPV $OWKRXJK LQ
WHUPV RI QXFOHRWLGH VHTXHQFH FRQWH[W WKHVH WZR GRPDLQV DUH
HIIHFWLYHO\ LQWHUFRQQHFWHG WKURXJK FRPSOHPHQWDU\ VWHPORRSV
7KH DSWDPHU VHQVRU LV WKH RQO\ HOHPHQW WKDW LV FRQVHUYHG
EHWZHHQ GLIIHUHQW VSHFLHV >@ ZKHUHDV WKH H[SUHVVLRQ SODWIRUP
RU WUDQVGXFHU LV YDULDEOH DQG OLQNHG WR WKH PHFKDQLVP RI UHJ
XODWLRQ )RU D FRPSUHKHQVLYH UHYLHZ RI ULERVZLWFK UHJXODWRU\
PHFKDQLVPV VHH >@ ,Q EULHI ELQGLQJ RI D OLJDQG WR DQ 51$
DSWDPHU LQLWLDWHV D VWUXFWXUDO UHDUUDQJHPHQW WR FRQWURO IRUPDWLRQ
RI D WHUPLQDWRU FRPSOH[ WKDW FRQWUROV JHQH H[SUHVVLRQ >@
)RU FRQWURO RI WUDQVODWLRQDO LQLWLDWLRQ WKH WHUPLQDWRU RYHUODSV
WKH 5%6 WKHUHE\ PDVNLQJ DFFHVV IRU ULERVRPH GRFNLQJ )LJ 
%LQGLQJ RI WKH OLJDQG WR WKH DSWDPHU GRPDLQ FDQ HLWKHU VZLWFK
JHQH H[SUHVVLRQ 21 RU 2)) GHSHQGLQJ RQ WKH UHTXLUHPHQWV RI
WKH FHOO $OWHUQDWLYHO\ WUDQVFULSWLRQ WHUPLQDWLRQ LV FRQWUROOHG
E\ D WHUPLQDWRU ZKLFK LQ EDFWHULD LV QRUPDOO\ IROORZHG E\
D SRO\8 VHTXHQFH ZKLFK GHVWDELOLVHV WKH 51$ SRO\PHUDVH
GXULQJ WUDQVFULSWLRQ >@ 7KLV PHWKRG RI UHJXODWLRQ RIIHUV
VHYHUDO DGYDQWDJHV RYHU WUDQVODWLRQDO FRQWURO 7KH LQKHUHQW
WXUQRYHU RI P51$ HVSHFLDOO\ LQ SURNDU\RWLF V\VWHPV GXULQJ
WUDQVFULSWLRQ DOORZV ULERVZLWFKHV WR SURYLGH D G\QDPLF RQOLQH
UHVSRQVH WKURXJK YDULRXV VWDJHV RI FHOOXODU JURZWK )LUVWO\
OHVV UHVRXUFHV DUH UHTXLUHG LI JHQH H[SUHVVLRQ LV DERUWHG EHIRUH
FRPSOHWH P51$ V\QWKHVLV ZKLOVW FRPSOHWH FRQWURO FDQ EH
RIIHUHG IRU SRO\FLVWURQLF RSHURQV WKHUHIRUH SUHYHQWLQJ WKH
EXLOGXS RI LQWHUPHGLDWHV DQG UHGXQGDQF\ LQ D FRPSOH[ SDWKZD\
$ WKLUG FDWHJRU\ RI UHJXODWLRQ KDV UHFHQWO\ EHHQ GLVFRYHUHG
VKRZLQJ D FRHQ]\PH ULERVZLWFK WKDW FRQWUROV H[SUHVVLRQ RI
D QRQFRGLQJ DQWLVHQVH V51$ >@±>@ )LQDOO\ FRQVHUYHG
HXNDU\RWLF 733 ULERVZLWFKHV XWLOL]H D XQLTXH 51$ VSOLFLQJ
PHFKDQLVP WR FRQWURO H[SUHVVLRQ RI WKLDPLQH ELRV\QWKHWLF
JHQHV >@ >@ >)LJ G@ ,W LV OLNHO\ WKDW WKHVH ODWWHU WZR
H[DPSOHV RI ULERVZLWFK UHJXODWLRQ DUH ZLGHVSUHDG LQ QDWXUH
+RZHYHU GHYHORSPHQWV LQ ULERVZLWFK GLVFRYHU\ LQ HXNDU\RWHV
DUH UHFHQW DQG DUH OLNHO\ WR EH H[SDQGHG
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)RU GLVFRYHULQJ QHZ DQG DOWHUQDWLYH H[DPSOHV RI NQRZQ
ULERVZLWFKHV D QXPEHU RI VHDUFK DOJRULWKPV DUH DYDLODEOH
7DEOH ,, 7KH HDUOLHVW H[DPSOH LV WKH 0IROG DOJRULWKP ZKLFK
XVHV WKH PLQLPDO IUHH HQHUJ\ SULQFLSOH IRU SUHGLFWLQJ 51$
VHFRQGDU\ VWUXFWXUH >@ ,Q DGGLWLRQ D QXPEHU RI ZHEEDVHG
WRROV VSHFL¿F IRU ULERVZLWFK SUHGLFWLRQ IURP DQ LQSXW '1$
VHTXHQFH DUH DYDLODEOH 7KLV LQFOXGHV WKH 'HQLVRQ 5LERVZLWFK
'HWHFWRU >@ 5LERVZLWFK ([SORUHU >@ 51$3$77(51
>@ 51$0RWLI >@ 5LER6: >@ 5LERVZLWFK ¿QGHU
>@ DQG &0¿QGHU >@ 7KHVH H[DPSOHV SURYLGH D SUHGLFWLRQ
RXWSXW EDVHG RQ FRQVHUYHG H[DPSOHV RI NQRZQ ULERVZLWFK
FODVVHV +RZHYHU WKH VHDUFK DOJRULWKPV XVHG DUH UHVWULFWHG
RQ VHTXHQFH OHQJWK )RU ZLGHU GLVFRYHU\ PRUH VRSKLVWLFDWHG
DOJRULWKPV DQG UDSLG FKDUDFWHUL]DWLRQ WHFKQLTXHV >@ DUH
UHTXLUHG GXH WR WKH QHHG WR VHDUFK ODUJHU DPRXQWV RI JHQRPLF
GDWD ([SHULPHQWDO PHWKRGV OLNH 6+$3(6HT DOORZ VWUXFWXUDO
FKDUDFWHUL]DWLRQ LQ D KLJKWKURXJKSXW PDQQHU DQG PD\ IDFLOLWDWH
WKH LQYHVWLJDWLRQ RI QHZ ULERVZLWFK FODVVHV >@ )RU H[DPSOH
WKH FRQVHUYHG 0R&R PRO\EGHQXPWXQJVWHQ PRWLI >@ DQG D
QXPEHU RI XQFODVVL¿HG ULERVZLWFKHV >@ VXJJHVW D EURDGHU UROH
LQ UHJXODWLRQ +RZHYHU VRPH RI WKH OLJDQGV WKHPVHOYHV PD\ EH
XQNQRZQ DW RXU FXUUHQW OHYHO RI XQGHUVWDQGLQJ
$Q DOWHUQDWLYH VWUDWHJ\ IRU FUHDWLQJ QRYHO ULERVZLWFK IXQF
WLRQV LV WR HQJLQHHU D FKDUDFWHUL]HG ULERVZLWFK IUDPHZRUN HL
WKHU WKURXJK PLQRU PRGL¿FDWLRQV RU UHSODFHPHQW RI WKH DSWDPHU
RU H[SUHVVLRQ SODWIRUP GRPDLQ 7KH ULVH RI 6(/(; >@ >@
KDV GHPRQVWUDWHG D KLJKWKURXJKSXW VFUHHQLQJ PHWKRG IRU RE
WDLQLQJ QRYHO 51$ DSWDPHUV ZLWK DI¿QLW\ IRU D FKRVHQ OLJDQG
+RZHYHU WUDQVSODQWLQJ WKH V\QWKHWLF GHVLJQV LQWR D QDWXUDO UL
ERVZLWFK KDV EHHQ GLI¿FXOW WR DFKLHYH >@ )URP D VWUXFWXUDO
SHUVSHFWLYH HQJLQHHULQJ RI V\QWKHWLF ULERVZLWFKHVPD\ UHTXLUH D
VLPLODU DSSURDFK WR de novo SURWHLQ GHVLJQ >@ $W WKH FXUUHQW
OHYHO RI XQGHUVWDQGLQJ WKH HDVLHU DSSURDFK OLHV ZLWK PRGLI\LQJ
VLQJOH 51$ UHVLGXHV RI D VWDUWLQJ DSWDPHU LQ RUGHU WR DFKLHYH
ELQGLQJ RI D QHZ OLJDQG VLPLODU WR WKH RULJLQDO 7KXV WKH UH
VXOW LV DQ DOWHUHG DSWDPHU ZLWK UHFRJQLWLRQ KLJKO\ VSHFL¿F WR WKH
QHZ OLJDQG EXW QRW ELQGLQJ WKH RULJLQDO OLJDQG $ NH\ H[DPSOH
RI FRQVWUXFWLQJ DQ RUWKRJRQDO DSWDPHUOLJDQG SDLU ZLWK WKLV DS
SURDFK ZDV WKH HQJLQHHULQJ RI WKH DGHQLQH SXULQH ULERVZLWFK
FRQWURO HOHPHQW >@ 7KLV UDWLRQDOH SURYLGHV D URXWH WR HQDEOH
WKH V\QWKHWLF HQJLQHHULQJ RI PHWDEROLF SDWKZD\V ,Q WKHRU\ ZLWK
IXUWKHU GHYHORSPHQW WKLV ¿QH WXQLQJ DSSURDFK FDQ SURYLGHPRG
XODU FRQWURO IRU WKH WUDQVIRUPDWLRQ RI D VXEVWUDWH LQWR LWV SURGXFW
YLD D QXPEHU RI FRQWUROOHG LQWHUPHGLDWHV 7KLV FRXOG EH XVHG IRU
ÀX[ FRQWURO WR SUHYHQW DFFXPXODWLRQ RI WR[LF LQWHUPHGLDWHV DQG
GHFUHDVH EXUGHQ GXH WR H[FHVV SURWHLQ H[SUHVVLRQ
B. Circuit Design
$Q LQWHUHVWLQJ FLUFXLW ZLWK JUHDW SRWHQWLDO WKDW UHOLHV RQ D
SURNDU\RWLF WUDQVODWLRQDO ULERVZLWFK LV WKH 5LERVHOHFWRU >@
7KLV GHYLFH SURYLGHV D VHOHFWLYH DGYDQWDJH LQ UHVSRQVH WR LQ
FRQVSLFXRXV PHWDEROLWHV DQG FDQ EH DSSOLHG WR GLUHFWHG HYROX
WLRQ RI KLJK SURGXFLQJ PHWDEROLF SDWKZD\V $QRWKHU SURPLVLQJ
WRRO LQ FLUFXLW GHVLJQ DUH VHWV RI RUWKRJRQDO ULERVZLWFKHV WKDW
FDQ EH HPSOR\HG WR LQGHSHQGHQWO\ WXQH JHQH H[SUHVVLRQ OHYHOV
IURP JHQHV LQ WKH VDPH RSHURQ >@ 6XFK D VWUDWHJ\ FDQ EH
XWLOL]HG LQ RSWLPL]LQJ WKH UDWLR RI PHWDEROLF HQ]\PHV H[SUHVVHG
LQ D ELRV\QWKHWLF SDWKZD\
5LERVZLWFKHV DQG UHODWHG ULER]\PHV DUH DQ DWWUDFWLYH WRRO IRU
HXNDU\RWLF DQG LQ SDUWLFXODU PDPPDOLDQ V\QWKHWLF ELRORJ\ FLU
FXLW GHVLJQ +RZHYHU WKH GHVLJQ DQG DSSOLFDWLRQ RI DGYDQFHG
SUHGLFWDEOH DQG ¿QHO\ WXQHG 51$ VHQVLQJ GHYLFHV LV VWLOO LQ
WKH HDUO\ VWDJHV RI GHYHORSPHQW $ ULERVZLWFK FDQ SURYLGH D
ZLGH G\QDPLF UDQJH LQ UHVSHFW WR OLJDQG FRQFHQWUDWLRQ >@
5LERVZLWFK HOHPHQWV FDQ EH XVHG DV NH\ ERWWOHQHFN ¿OWHUV WR
SUHYHQW XQQHFHVVDU\ DFFXPXODWLRQ RI PHWDEROLF LQWHUPHGLDWHV
LQ DQ HQJLQHHUHG ELRV\QWKHWLF SDWKZD\ 2QH SRVVLEOH DUHD RI LQ
WHUHVW LV IRU WKH FRQWURO RI SRVWWUDQVODWLRQDO PRGL¿FDWLRQV LQ UH
FRPELQDQW SURWHLQ PDWXUDWLRQ ZKHUH KRPRJHQHLW\ LV D IXQGD
PHQWDO UHTXLUHPHQW HVSHFLDOO\ ZLWK WKHUDSHXWLF DQWLERGLHV $O
WHUQDWLYHO\ DQ 51$ EDVHG ELRVHQVRU WKDW FRXOG GHWHFW DFFXPX
ODWLRQ RI XQGHVLUDEOH PHWDEROLWHV RU DFW DV DQ DFWLYH UHVSRQVH WR D
GHSOHWLRQ RI HVVHQWLDO FHOOXODU UHVRXUFHV $ KDQGIXO RI V\QWKHWLF
H[DPSOHV KDYH UHFHQWO\ EHHQ GHPRQVWUDWHG ZKLFK LQFOXGHV WKH
XVH RI D V\QWKHWLF WHWUDF\FOLQH ULERVZLWFK LQ \HDVW >@ DQG D
WHWUDF\FOLQH ULER]\PH LQ +H/D FHOOV WR LQGXFH JHQH H[SUHVVLRQ
>@ $ %LRWLQ ELQGLQJ DSWDPHU ZDV LQVHUWHG LQWR WKH ¶875V
RI PDPPDOLDQ WUDQVFULSWV DQG UHVXOWHG LQ D IROG UHSUHVVLRQ
RI WUDQVODWLRQ XSRQ WKH SUHVHQFH RI WKH VPDOO PROHFXOH >@
)XUWKHUPRUH D FRXSOH RI VWXGLHV KDYH KLJKOLJKWHG WKDW QDWXUDO
ULERVZLWFK DSWDPHUV FDQ EH UHSODFHG ZLWK V\QWKHWLF YHUVLRQV LQ
D PRGXODU IDVKLRQ DQG DSSOLHG DV DQ LQGXFWLRQ WRRO LQ HXNDU\RWLF
H[SUHVVLRQ V\VWHPV >@
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$Q P51$ FDQ QRW RQO\ IROG RQWR LWVHOI WR IRUP YDULRXV
VHFRQGDU\ VWUXFWXUHV DQG ELQG VPDOO PROHFXOHV EXW LW FDQ DOVR
ELQG RWKHU VLQJOH VWUDQGHG FRPSOHPHQWDU\ 51$ PROHFXOHV
DFFRUGLQJ WR :DWVRQ&ULFN EDVH SDLULQJ 6XFK WUDQVDFWLQJ
51$V WD51$ FDQ EH XVHG WR UHJXODWH WUDQVODWLRQ LQ D YDULHW\
RI ZD\V 7KH FODVVLF H[DPSOHV LQ SURNDU\RWHV UHO\ RQ EORFNLQJ
HLWKHU WKH 6'6 >@ RU WKH 6WDUW FRGRQ >@ ,Q DGGLWLRQ
 ,((( 75$16$&7,216 21 %,20(',&$/ &,5&8,76 $1' 6<67(06 92/  12  $8*867 
UHIDFWRULQJ RI WKH 51$,1287 V\VWHP RI E. coli KDV DOVR
\LHOGHG D VHW RI RUWKRJRQDO ULERUHJXODWRUV RI WUDQVODWLRQ >@
,Q HXNDU\RWHV DV GHVFULEHG DERYH LW LV OHVV VWUDLJKWIRUZDUG WR
VWRS RU LQGXFH WUDQVODWLRQ YLD DQ 51$51$ LQWHUDFWLRQ RQO\ ,Q
WKH \HDVW DQWLVZLWFK V\VWHP D WD51$ FRQWDLQV D VPDOO PROHFXOH
UHVSRQVLYH DSWDPHU DQG VZLWFKHV FRQIRUPDWLRQ XSRQ WHWUDF\
FOLQH LQGXFHU ELQGLQJ >@ 7KH VHTXHQFH FRPSOHPHQWDU\ WR
WKH ,QLWLDWLRQ VLWH RI WKH WDUJHW P51$ LV H[SRVHG DQG WUDQVODWLRQ
LV UHSUHVVHG WXUQHG 2)) ,W LV NQRZQ WKDW PLFUR 51$V FDQ
GLUHFWO\ GRZQUHJXODWH WUDQVODWLRQ DQG WKDW PL51$ ELQGLQJ
VLWHV DUH VRPHWLPHV IRXQG LQ WKH µ875V RI P51$V >@
+RZHYHU LQ V\QWKHWLF FRQVWUXFWV WKH PL51$ ELQGLQJ VLWHV DUH
XVXDOO\ SRVLWLRQHG DW WKH ¶875 DQG LQGXFH WKH GHJUDGDWLRQ
RI WKH WDUJHW YLD WKH 51$ LQWHUIHUHQFH SDWKZD\ >@ >@
$ VLPSOH 0RW%3 2)) VZLWFK >)LJ D@ FDQ HIIHFWLYHO\ EH
LQYHUWHG LI WKH 51$ ELQGLQJ PRWLI LV LQWHJUDWHG LQWR D WD51$
ZKLFK LQGXFHV GHJUDGDWLRQ RI WKH WDUJHW P51$ RQO\ ZKHQ
WKH 0RW%3 LV DEVHQW >@ >@ 2WKHU QHZ PHWKRGV H[LVW
WR UHJXODWH 51$ GHJUDGDWLRQ LQ DQ 51$UHJXODWHG IDVKLRQ
7KH &DV&5,635 WHFKQRORJ\ KDV ULVHQ LQ SRSXODULW\ DV LW LV D
VHTXHQFHVSHFL¿F DQG YHU\ YHUVDWLOH WRRO IRU WUDQVFULSWLRQDO UHJ
XODWLRQ 5HFHQW UHVHDUFK KDV SURYHQ WKH FRQFHSW WKDW D PRGL¿HG
&DV 5&DV FDQ EH XVHG WR VHOHFWLYHO\ WDUJHW 51$ LQVWHDG
RI '1$ DQG WDUJHW LW IRU GHJUDGDWLRQ >@ 7KLV PHFKDQLVP
FRXOG SRWHQWLDOO\ EH PRGL¿HG WR PDQLSXODWH 51$ LQ RWKHU ZD\V
WKDQ GHJUDGDWLRQ
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0DWKHPDWLFDO PRGHOV RI WUDQVODWLRQ RI LQFUHDVLQJ FRPSOH[LW\
KDYH EHHQ GHYHORSHG DV D FRQVHTXHQFH RI RXU LQFUHDVLQJO\ GH
WDLOHG XQGHUVWDQGLQJ RI WKH XQGHUO\LQJ PROHFXODU PHFKDQLVPV
$ ZLGH YDULHW\ RI PDWKHPDWLFDO PRGHOOLQJ DSSURDFKHV KDYH
EHHQ HPSOR\HG WR XQGHUVWDQG WKH LQWHUDFWLRQ RI D V\QWKHWLF
JHQH FRQVWUXFW ZLWK WKH KRVW RUJDQLVP WR LQIRUP WKH GHVLJQ
RI RSWLPL]HG JHQH H[SUHVVLRQ V\VWHPV DQG UHYLHZHG LQ >@
>@ )XUWKHUPRUH DORQJ ZLWK WKH GHYHORSPHQW RI PROHFXODU
WRROV IRU G\QDPLF FRQWURO RI WUDQVODWLRQ WKHUH LV DQ LQFUHDVLQJ
QHHG IRU FRPSXWDWLRQDO PRGHOV WR DLG WKH GHVLJQ RI UHJXODWRU\
PRGXOHV EDVHG RQ WUDQVODWLRQDO VZLWFKHV
,Q 6HFWLRQ ,,, ZH KDYH RXWOLQHG KRZ WUDQVODWLRQ LQLWLDWLRQ
UDWHV DUH DQ LPSRUWDQW UDWH OLPLWLQJ VWHS LQ JHQH H[SUHVVLRQ DQG
FDQ EH D NH\ SRLQW RI JHQH UHJXODWLRQ IRU V\QWKHWLF ELRORJ\ GH
VLJQ >@ +RZHYHU LQ DGGLWLRQ WR WKH LQLWLDWLRQ VWHS WKH HORQ
JDWLRQ DQG WHUPLQDWLRQ VWHSV DUH DOVR LPSRUWDQW WR LQFOXGH ZKHQ
PRGHOOLQJ WUDQVODWLRQ 7KH ¿UVW PRGHOV WKDW LQFRUSRUDWHG WKHVH
WKUHH VWHSV RI WUDQVODWLRQ XVHG QRQOLQHDU 2UGLQDU\ 'LIIHUHQWLDO
(TXDWLRQ 2'( EDVHG NLQHWLFV ZKLFK FRXOG FDSWXUH FKDQJHV LQ
HORQJDWLRQ UDWH DORQJ D P51$ GXH WR LWV VHFRQGDU\ VWUXFWXUH
>@ RU SRO\VRPH VL]H LH PXOWLSOH ULERVRPHV >@ )XUWKHU
GHWDLOV RI HQGRJHQRXV UHJXODWLRQ YLD LQLWLDWLRQ IDFWRUV ZHUH GLV
FRYHUHG DQG WKHVH FRXOG EH LQFRUSRUDWHG LQWR PRUH GHWDLOHG NL
QHWLF PRGHOV >@ >@ 7KH HIIHFW RI FRGRQ FRPSRVLWLRQ ZDV
DOVR LQFRUSRUDWHG LQWR D GHVLJQ WRRO IRU RSWLPL]LQJ SURWHLQ H[
SUHVVLRQ >@
6RPH DVSHFWV RI WUDQVODWLRQ VXFK DV WKH PRYHPHQW RI ULER
VRPHV FDXVLQJ FROOLVLRQV DQG µWUDI¿F MDPV¶ DUH GLI¿FXOW WR FDS
WXUH E\ GHWHUPLQLVWLF PRGHOV 7KH ¿UVW VWRFKDVWLF PRGHO RI WUDQV
ODWLRQ E\ 0LWUDL et al. DWWHPSWV WR FDSWXUHV WKLV >@ $ VLP
LODU XQGHUO\LQJ IUDPHZRUN ZDV H[WHQGHG DQG DGDSWHG WR PRGHO
PHWDEROLF EXUGHQ HIIHFWV RQ WKH FHOO DULVLQJ IURP WKH FRPSHWL
WLRQ IRU D FRPPRQ SRRO RI ULERVRPHV >@
$ IHZ H[DPSOHV H[LVW ZKHUH PRGHOOLQJ ZDV XVHG WR DLG WKH
GHVLJQ RI GHYLFHV DVVHPEOHG IURP YDULRXV FLV DQG WUDQVDFWLQJ
FRQWURO HOHPHQWV GHVFULEHG LQ 6HFWLRQV ,9±9, 6WDSOHWRQ et al.
FRQVWUXFWHG D QHJDWLYH IHHGEDFN FLUFXLW IURP D 0RW%3 SURWHLQ
VHH 6HFWLRQ ,9 DQG DQ 2'( EDVHG NLQHWLF PRGHO ZDV XWLOL]HG WR
SUHGLFW LWV EHKDYLRU >@ $ PHFKDQLVWLF PRGHO ZDV DOVR LPSOH
PHQWHG WR GHVFULEH WKH EHKDYLRU RI D W\SH RI OLJDQG UHVSRQVLYH
51$ HOHPHQW >@ DQG VWRFKDVWLF VLPXODWLRQV ZHUH FRUUHODWHG
WR WKH H[SHULPHQWDO REVHUYDWLRQV IURP D VHW RI GHVLJQV DVVHP
EOHG IURP VXFK FRPSRQHQWV
,Q VXPPDU\ WKH PRVW ZLGHO\ XVHG PRGHO IRU WUDQVODWLRQ LV
EDVHG DURXQG FRGRQ RSWLPL]DWLRQ ZKLFK LV XVHG H[WHQVLYHO\ LQ
LQGXVWU\ IRU RSWLPL]LQJ JHQHSURWHLQ H[SUHVVLRQ 2WKHU PRGHOV
DUH XVHG WR SURYLGH LQFUHDVLQJ LQVLJKWV LQWR KRVW ± V\QWKHWLF JHQH
LQWHUDFWLRQV DQG WR KHOS WKH GHVLJQ RI FRPSOH[ UHJXODWRU\ V\V
WHPV
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,W KDV UHFHQWO\ EHFRPH SRVVLEOH WR SUHGLFW WUDQVODWLRQ HI¿
FLHQF\ RQ D FRQWLQXRXV VFDOH DQG WR VZLWFK WUDQVODWLRQ 21 DQG
2)) VLPLODU WR KRZ WUDQVFULSWLRQ FDQ EH LQGXFHG RU UHSUHVVHG
:LWK WKH LQFUHDVLQJO\ YHUVDWLOH WRROER[ DYDLODEOH WR V\QWKHWLF EL
RORJLVWV LW LV EHFRPLQJ SRVVLEOH WR LPSOHPHQW PXOWLOHYHO EL
RORJLFDO FLUFXLWV DQG DFKLHYH KLJKHUOHYHO FRPSXWDWLRQ 1RYHO
WUDQVODWLRQDO FRQWURO PHFKDQLVPV ZLOO JUHDWO\ IDFLOLWDWH VXFK HI
IRUWV DQG ZLOO OLNHO\ ULVH LQ SRSXODULW\ IRU FLUFXLW GHVLJQ HVSH
FLDOO\ LQ PDPPDOLDQ FHOOV
7KHUH DUH PXOWLSOH IHDWXUHV RI WUDQVODWLRQDO UHJXODWLRQ WKDW
PDNH LW DQ HVSHFLDOO\ DWWUDFWLYH DSSURDFK IRU EHLQJ XVHG LQ PDP
PDOLDQ JHQH FLUFXLWV )LUVWO\ WKH\ DOORZ FRPSOHWHO\ LQGHSHQGHQW
UHJXODWLRQ IURP WKRVH VHTXHQFH HOHPHQWV WKDW DUH UHVSRQVLEOH IRU
UHJXODWLRQ DW WKH '1$OHYHO 2QFH P51$ LV WUDQVFULEHG WKH
SURPRWHU DQG JHQRPLF FRQWH[W VXUURXQGLQJ WKH V\QWKHWLF FRQ
VWUXFW RQ WKH '1$ OHYHO EHFRPHV LUUHOHYDQW 7KHUHIRUH WUDQVOD
WLRQDO UHJXODWLRQ FDQ EH LQWHJUDWHG ZLWK WUDGLWLRQDO FRQWURO V\V
WHPV LQ D PRGXODU IDVKLRQ DV GHPRQVWUDWHG E\ WKH FRPSOH[
KDOIDGGHU )LJ  DQG KDOIVXEWUDFWRU FLUFXLWV LPSOHPHQWHG LQ
PDPPDOLDQ FHOOV >@
6HFRQG WKH G\QDPLFV RI WUDQVODWLRQDO UHJXODWLRQ DUH IDVWHU
WKDQ WKDW RI WKH IXOO JHQH H[SUHVVLRQ SURFHVV 7KH UHDFWLYDWLRQ
RI D SUHYLRXVO\ UHSUHVVHG P51$ FDQ KDSSHQ PXFK IDVWHU WKDQ
WKDW RI D WUDQVFULSWLRQDOO\ UHSUHVVHG JHQH )XUWKHUPRUH PDQ\
RI WKH FXUUHQWO\ XVHG WUDQVFULSWLRQDO UHSUHVVRUV RIWHQ LQYROYH
HSLJHQHWLF PRGL¿FDWLRQV WKDW WDNH WLPH WR UHYHUVH WKXV OHDGLQJ
WR VORZ UHDFWLYDWLRQ 1RW DV IDVW DV VLJQDOLQJ FDVFDGHV EDVHG
RQ SRVWWUDQVODWLRQDO UHJXODWLRQ EXW JHQHUDOO\ IDVWHU WKDQ WUDQ
VFULSWLRQDO UHJXODWLRQ WUDQVODWLRQDO UHJXODWLRQ PD\ EH WKH LGHDO
FKRLFH IRU UHJXODWLQJ SURFHVVHV RQ WKH PHGLXP WLPHVFDOH VXFK
DV IHHGEDFN UHJXODWLRQ WR EDODQFH SURWHLQ OHYHOV LQ WKHUDSHXWLF
RU PHWDEROLF FLUFXLWV >@
7KLUGO\ WUDQVODWLRQDO UHJXODWLRQ FDQ EH GLUHFWO\ LQWHUIDFHG
ZLWK YDULRXV F\WRSODVPLF FRPSRQHQWV RI WKH FHOO 51$ DS
WDPHUV WKDW DUH NQRZQ WR ELQG HQGRJHQRXV SURWHLQV RU VPDOO
PROHFXOHV PD\ GLUHFWO\ EH XWLOL]HG DQG LQFRUSRUDWHG LQWR SUR
WHLQ RU VPDOO PROHFXOH UHVSRQVLYH WUDQVODWLRQDO VZLWFKHV >@
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7KH ¿UVW H[DPSOHV RI XVHIXO FLUFXLWV ZLWK D WUDQVODWLRQDO VZLWFK
DW WKHLU FRUH DUH FDQFHU FHOO FODVVL¿HUV ZKLFK FDQ GHWHFW WKH
OHYHO RI HQGRJHQRXV SURWHLQV  FDWHQLQ DQG 1)N% LQYROYHG
LQ FDUFLQRJHQHVLV >@ 6LJQDO LQSXWV IURP F\WRSODVPLF SUR
WHLQSURWHLQ LQWHUDFWLRQV RU SURWHLQ ORFDOL]DWLRQ FDQ EH GLUHFWO\
XWLOL]HG DV DQ LQSXW IRU WUDQVODWLRQDO UHJXODWLRQ >@ >@ >@
)LQDOO\ WKH PHWDEROLF EXUGHQ LPSRVHG RQ WKH FHOO PD\ EH DO
OHYLDWHG YLD ¿QH WXQLQJ WUDQVODWLRQ VLQFH WKH FRPSHWLWLRQ IRU
WUDQVODWLRQDO UHVRXUFHV LV JHQHUDOO\ JUHDWHU WKDQ WKH FRPSHWL
WLRQ IRU WUDQVFULSWLRQDO UHVRXUFHV >@ 0RGHOOLQJ DQG H[SHU
LPHQWDOO\ FRPSDULQJ EXUGHQ HIIHFWV RQ FKDVVLV FHOOV UHODWHG WR
YDULRXV PRGHV RI FLUFXLW UHJXODWLRQ DFKLHYLQJ VLPLODU IXQFWLRQ
PD\ JUHDWO\ LQIRUP WKH GHVLJQ F\FOH RI V\QWKHWLF JHQHWLF FLUFXLWV
>@
$V V\QWKHWLF JHQHWLF FLUFXLWV EHFRPHPRUH VRSKLVWLFDWHG WKH\
ZLOO HPSOR\ D FRPELQDWLRQ RI WUDQVFULSWLRQDO DQG YDULRXV SRVW
WUDQVFULSWLRQDO UHJXODWRUV 7KHUH DUH DQ LQFUHDVLQJ QXPEHU RI
QHZ WRROV IRU WUDQVODWLRQDO UHJXODWLRQ ZLWK PDQ\ IXWXUH DSSOLFD
WLRQV LQ PDPPDOLDQ V\QWKHWLF ELRORJ\ ,Q RUGHU WR IDFLOLWDWH WKHLU
ZLGHVSUHDG XVH LW LV HVVHQWLDO WKDW VXFK QHZ WRROV DUH WKRURXJKO\
FKDUDFWHUL]HG WKH GHVLJQ UXOHV DUH H[SORUHG DQG SDUW OLEUDULHV EH
FRPH IUHHO\ DYDLODEOH WR WKH V\QWKHWLF ELRORJ\ FRPPXQLW\
$&.12:/('*0(17
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